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Quantum mechanical and semiclassical approaches are discussed for the study of molecular
collisions in an intense laser field. Both a coherent state and Fock state representation of the photon
field are investigated. The collision dynamics is described in terms of transitions between two
electronic-field potential energy surfaces, where each surface depends on the field-free adiabatic
surfaces and electric dipole transition matrix elements as functions of nuclear coordinates . The
electronic-field surfaces exhibit avoided crossings (on the real axis) due to the radiative coupling at
the resonance nuclear configurations , and othej ..parts of these surfaces are similar to the field-free
adiabatic surfaces with one of them shifted b h for single photon processes. Metastab le states,
formed at some collision energies , are conjecture to occur in the field , although absent from the field-
free case. From a spectroscopic point of view , changes in energy spectra are expected from those
of the individual collision-free ~~ecies. ~ Numerica l.~esultS are ~~esented_ for the collinca r collision

process Br~ P,;2) + l-f~O - = 0) ± flØ -> Brç~Piiz’~ + H 2(v = 0).

I .  IN T R O D U C T I O N

There are recent experimental studies on the enhancement of electronicall y in-
elastic collision cross sections due to intense optical radiation ”2 and on photon
absorption spectra due to the intermediate resonant molecular states of collision
processes. 3 There has also been recent theoretical effort 4— 15 to descri be the combined
effects of collisional and optical excitations. Some ma in  reasons for the cont inuat ion
of such effort and the development of new theories to describe the interaction of
molecular systems with radiation are the  fol lowing: (a) a molecular system in the
gaseous phase interact ing wi th  a radiat ion field is often better characterized as
dynamic rather than static. For examp le . in ordinary molecu lar beams a typ ical
collision takes place in about lO~~ s, i.e., about the cycle of an infrare d laser , in which
case a collisi on and a photon absorption should not be viewed as separate processes,
particularl y when absorption take s place in an intense laser fie ld : (h) for intense field
strengths and/ or mu l t i photor processes. time-dependent perturbation theory is not
valid ; (c) the effect of the ‘: teraction with  a quantized field as well as a classical field
should be investigated for molecular systems.

In this pape r we are interested in atom-atom and atom-diatom collision processes
in the presence of an intense laser field. In order to m a i n t a i n  a clear and simp le
physical picture , we shall focus on sing le phot on processes for a two-(e lectron icl
state molecular system in a sing le mode laser , a l thoug h our formal presentation can
be extended readily to more general cases.~~’6 A related , interesting work is that of
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Kroll and Watson 7 which deals with sing le- and multi-photon processes for a l~~o-
level collision system in a sing le field mode , using a numbe r representation for photon
states. This theory has been extended by Lau ’2 to a multi-le vel system interacting
with sing le and multi-field modes. While these treatments are indeed int erest t ng,
they are perhaps a bit too complicated to give a simp le physical p icture.  On the
other hand , their assumption about near-adia batic scattering is son ie~s hat  restrictive
for a realistic treatment of atom-diatom collisions.

Within a two-(electronic) state approximation , a semiclassical model 3 1 5  of mole-
cular scattering in a strong external field has been developed recently in our labora-
tory, and from this model atom-atom and atom-diatom collision cross sections can
be calculated. An analogous quantum mechanical theory ’5 has also been deri sed .
and in the next section of this paper we shall outl ine some of the key r c sul l .~ of t h i s
theory , where we shall first use a coherent state and then the 1-ock state as repr esenta-
tions of the photon field. We shall also discuss the main feature of the semi cla s stca l
model. In the third section we shall present some nume rical  results from both the
semiclassical and quantum mechanical theories for the process

Br(2P312) + H 2(r = 0) hw —+ Br( 2P ,, ~) + H 2(r 0). (1 . 1)

The descri ption of a process such as (1.1)  involves the eonstruciion of electron- fie ld
potential energy surfaces,” which depend on the ori ginal field-free adiabatic surfaces
and electric di pole (or sometimes magnetic di pole and electric quadrupole) transi t ion
matrix elements between electronic states as a function of nuclear conf igurat ions. It
will become evident from our presentation in the next two sections tha t  there is a need
for ab initio and/ or semiemp irical studies of radiative tran sition matrix elements as
a function of nuclear configurations as well as studies of field-free surfaces and non-
adiabatic coupling.

2. TH E O R Y  OF M O L E C U L A R  S C A T T E R I N G  IN A Q U A N T i Z E D
F I E L D

The time-dependent Schrodinger equat ion for a molecular collision process in an
electromagnetic field is

ihj~J!(x,q,t) = .V(x ,q,i)’I’(x ,q, t ), (2 .1 )

where the total Hamiltonian is
.Yf(x,q,i)  T~ + II~,(x ,q) + Hr~,d ± J I , 01 (x .q, t) ,  (2 .2 )

and x and q stand for electronic and nuclear coordinates , respectivel y. The t ield-
free electronic Hamiltonian is given as

If ~, (x,q) = T~ + V(x,q). (2 .3)

T~ and T, are the nuclear and electronic k inetic energy operators , respectively, and
V is the electrostatic interaction among electrons and nuclei.  “r~~d is the H am i l ton ian
for the free radiation field of a sing le cavity mode ~~i th  frequency ~~i.

= ,z~ a’a 2. 4)

where a and a’ are the photon annihi l a t ion  and creation operator s . F! ,, i s  t h e
Hamilton ian for the interaction between the radiation field and the  n io le cu lar  s~ st e in .

~ t’~Q~ ‘ E,.
1~~ — i i e  °-“

~~~ 
— - I ] .  2. 
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where Q~ 
represents the collective electronic and nuclear coordinates , ej is the particle

charge , E’0 is related to the strength and polarization of the field , k is the wave vector
of magnitude O) C  and the summation is over all particles. The phase f i  is arbitrary
and may he chosen at our convenience . If the wavelength of the field is much
longer than the molecular dimension , we can invoke the di pole approximation ,
namely, to keep onl y the first term of the power series expansion of exp (ik’Q~), so
t h at / i~,,, becomes

H~,,,(x,q,t) p(x,q)’E(t) (2.7)
where

E(t) iE~ de tt °~’~~ ’ — d’e’t°”~~~], (2.8)

and the t ransi t ion dipole operator j i is defined as
p = ~ ~~~~ (2.9)

The interaction given by eqn (2.7) is of a simp ler form than eqn (2 .5): however , for
molecular systems where the electric dipole transition is very small , hi gher order
transitions such as the orbital part of the magnetic di pole [to get the spin part
extra terms related to spin should be added to eqn (2 .5) ] or electric quadrupo le can
be considered by including higher terms in the expansion of exp (ik Q~).

The coherent state is often a good representation for a laser field , and since it
results in simp le expressions for our problem , we shall first consider it for the photon
state. The expectation values of H~3d and H ,, in the coherent state ~ are

S aIIrad~~ = x2hw, (2.10)

E~’~~ e~Q~cos(k’Q~ — o)Z), (2.11)

where E0 —
~ 2aE,, and we have chosen real x and /~ —r 2. Wi th  the dipole approxi-

mation eqn (2 . 11 )  becomes
a /J~ ,, a ;i-E,cos(’ iI ) (2.12)

We can also set ~ !I ,~~ a equal to zero since it is a constant and s imply provides an
overall energy sh i f t .

To solve eqn (2. 1) we expand ~Y in terms of the comp lele set of real field-free
adiabatic electronic wav e funct ions c1(x .q) as

— i + — t. . Jt
~~, a , ( q) e , j ) x . q ) .  (2 13)

where  p, sa t i s f i e s

!!~1 (x ,q ) p , ( x . q)  II 1(qh. ~ ( x .q) (2 .14 )

~sit h ~~ def in ing  a fi e ld—free ad iaba t ic  p o l en t i a l  su rface and F. the  to ta l  colli sion
energy (wi th ou t  t h ~ f ie ld ) .

By subs t i t u t i ng  equ (2.  I 3) in to  ( 2 . !) .  riiu I i i p l~ ing by ~ ‘ , and in tegra t ing  ~‘~ cr x.
we obtain

[E (j .- 2) Iu .,]a ,e lu-  
~~~e I i — 2 ~~ ‘~t (T 5 ), * T4,u ,1 2~ lP~)~, Pkj a 1(q)

- . i J ’ , (q)a , ( q) 5 11 .
~

-- ~ii~~E , (e ’ e ~a 1 ( q ) ~. ( 2 1 5 )

where
(T 4 ) ,1 (p,~T,,r (P,~ (2.16)

— ------“—. - -----—--

~
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(2J7)
k

= —ihvj~/2,n~ (2.18)

= (2.19)

= <q’,J/ iI Q ’,>. (2.20)

For atom-atom systems ma is the reduced mass and the sum over k is restricted to a
single term ; for atom-diatom systems the sum is over two terms , one corresponding
to the diatom internuclear vector and the other to the vector pointing from the centre
of mass of the diatom to the atom. Invoking a two-(electron)state approximation
we can reduce eqn (2.15) to

(T, + (Tq)j j  + W~(q) + (2 — 1)/lw — EJa~(q) = — e~~”~’[ (T ~)~, + 2~~ (P~)~,’P5]a,(q)

— 1p~, E0( 1 + e 2
~~)a,(q) ; j ,1= = 1,2 and ! �j (2.2 1)

where jij~ has been set to zero for simplicity (this rigorously vanishes in homonuclear
atom-atom systems and contributes weakl y to electronic transitions in other systems).
Making the rotating wave (or resonance) approximation , we drop hi ghl y oscillatory
terms to obtain in matrix form

(H + Y)a = Ea (2.22)

where

_ ( T.+(T~)1, 0
I q 2 2

— 
(W 1(q) + ho. p,2 -E0/2 2 24- -  

~p 21 Eo/2 W2(q) ‘

a = (
~~

). (2.25)

Since we are concerned with very large field strengths , the “ Rahi precession fre-
quency ” IPi2! IEo~/h at fixed nuclear confi gurations can be very large. Therefore
the adiabatic surfaces W, and W2 are so strong l y coupled through the radiative inter-
action that the scattering process is most appro priatel y solved in terms of electronic-
field surfaces , which are found throug h a unitary transformation on Y :

( F 5 H F + E ) f = E f  (2.26)

where - 
~~ ‘

E = F~ V F = (
~‘ E2) 

(2.2 7)

f

~ 

Va  (2.28)

B’i F — 
((A + 5] 1i 12-E0 \ ‘ 29)— 

~~\, ~~~~~~ [A .
~ Si)

-
~~~~~~ 

~~~ 

A = W2(q) — W,(q) — (2.30)

S = (A2 + lp,f Eo~
)”2 (2.31)

R = [S(S + A)/2~ ’2. ( 2 .321

_

~

-

~
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The electronic-field surfaces E, and E2 are given as

E~ -~~ -~( W , -~ -
~ h o )  :- cj -!I[(W 2 —- W1 — hw) 2 + Oi i2 ’Eo) (u2i~Eo) J”2 . (2.33)

E qn (2.26) is then integrated numerically, where the scattering amplitude (S-matrix)
is obtained through appropriate boundary conditions on I [In practice it may be
more efficient to integrate an equivalent equation such as eqn (2.22), in analogy to
field-free cases where a diabatic representation is more efficient than the adiabatic
represenlation.]’ ’ 19

Through a path integral approach i4 , 15 or simply by inspection we can derive a
semi-classical approximation to the S-matrix which is the direct semiclassical analogue
to eqn (2.26). The semiclassical S-matrix element for the transition from initia l
state i of reactants to final state f of products is

Sr i =~ ~ N~1 e~~°~ (2.34)

where A 11 is calculated in terms of a classical action as
~ l. / 12

A11 = E(t 2 — 11) ± )  dt[T — E,] + J dt [T — E2], (2.35)
t .

1, —4 ~ J , t~ —+ ~~~~.

N 11 is a normalization factor like that used for field-free collisions ,20-23 Tis the classical
nuclear kinetic energy and t , is a time at which the electronic-field surfaces intersect
in the complex plane. The summation in eqn (2.34) is over all classical paths which
propagate from i to f, switching surfaces at t~ (there can , of course, be more than
one t,,).

A close look at eqn (2.22) or (2.26) reveals that field-free nonadiabatic coup ling
terms , i.e., (Tq)j j  + 2~ (P~) ,~’P ~, are absent , so that our results are most appropriate

k
for processes which are electronically adiabatic in the absence of the field. Further-
more, our results are restricted to sing le photon processes due to the use of the rotating
wave approximation. Within the context of our discussion so far , a portion of the
field-free nonadiabatic coupling can be readil y included by means of a vibronic
representation which is discussed in the next section. As a more ri gorous alternati ve,
we may wish to begin at an earlier stage of the theory to retain the field-free non-
adiabatic coupling and to further allow for multi photon transitions. For this
purpose we shall consider the Fock representation of the photon states. Expanding
the total wave function in terms of product s of Fock states and field-free adiabatic
electronic states as

‘P(x .q, t )  = ~~~ ~~~~~~~~~~~~~~~~ (2.36)
I n

subst i tut ing into eqn (2. 1 ), representing the field as in eqn (2.6) with fi again chosen
to he ~/2. and mul t i plying by ~n’l and ~~~ we obtain

[E’ — H’,(q) — mhe4C~,, ( q) —
~ ~ [( T5 ) ,1 OJ , TQ 2~~ (P,)~, P5)C ,,~(q)

+ ~ (p~~E ’o[ ~ ’nt + I e°~’Csim+ ,1(q)

-~~ ‘v’~ e°°’C11,,, fl(q)1}. (2.37)

Defining B,,,, throug h the equation
~~~ 

_ p  Im wt
1m i i,,

— .. —. . .
~

— . . ‘— —‘ —.‘ ~~~~~~~~~ 
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we can rewrite eqn (2.37) as

[E’ — W~(q) — nthw]B jm (q) = ~ [ (Tq) j 1  + ôj , Tq 4- 2~~ (P5)~, ’P5]B,, , ( q)
I k

+ ~~~ {,Ui1 ’L”0[ \  
‘ 

~~~l B0 m +  i i ( q )  4— ~ 
‘
i” B,1,,, -

(2 .3 ~ )

While in princi ple we can solve eqn (2.38) directl y, in practice we can make it more
tractable by introducing a two-state approximation whereby the coup ling between
the levels (l ,rn0 —

~
— 1) and (2 ,m0) is si gnificantl y larger than either of the ts~o ~ it h a

third level [in the level notation (2 .rn0), 2 represents the upper electronic state and
rn0 is the photon number , etc.1 Wi t h this approximation we again restrict ourselves
to sing le photon processes. Setting E E ’ — ,n0lku and p,, = 0. we then have the
following two coup led diffe rential equations which contain field-free nonad ia h a t i c
coup ling:
[H , ± I f ‘,(q) — ho,’ — E]B ,,,,,,,+ ,(q) = [ ( Tq) ,  ~~- 2~~ (P &) , , ’P &] B 21m, , *

.f . /~if ~~
’0[\ ~m,1 - 2  B2 (,,,,,4 •, ( q)  4 ~ - I B2m,, ( q) }  (2.39a)

[1122 + li’ 2 (q) — E]B2m,,(q) = [ ( Tq ) 21 4- 2~~ (P5)21 -P,,]B,,,,,,(q)

± p,,-E~[~ ’ni ,, - . I B, ,,,,, ,1(q ) + ‘s ‘~~~~~ B,,,,,0 ,>( q)]. (2.39h)

where H1, is a ma tr ix  e lement  of H from eqn (2.23).
Eqn (2.38) and (2.39) are in f in i t e  mat r ix  equations and cart be solved by iterative

methods. 7 ’ 2  However , since we are first interested in sing le-p hoton processes. ~se
may simplify these equa t ion s  by l i m i t i n g  the photon indices to Just two values , saY
in0 and m0 -4 I , so t h a t  13.,, , , , . B,,,, , , ‘- 0. For an intense field where in 0 is
much greater than one. sse may assume B ,,,,, = B,,,,, . , ,~ 

and B21 ,,,,,÷ ,, = B,,,,,,. in
which case

( I I ’  -
~~ 

U ’) B - LB (2.40 )
where

H ’ — 
(I ! ,, !I i~ ( 2 4 1)- -  

‘\ 117 l  H22

— 
( I I ’ , J— Iu . 1i , .E 0 2\ 2 4’)-. 

‘,1~., ’E ,, 2 U ’. J ‘ —

B (~~
‘= ‘  (2 .4 3) 4

E~ 2~~~~E,’, (2.44 )

II - . (Tg ) ,i ..

~ 2~~ PA ) I, ’P~: / 
~~~

j  (2.4 5)

Fqn (2.22 and (2.40 ) are s imi l a r  except t h a t  eqn (2. 40) has retained the field-free
nonadi ah a t ic  coup ling terms I I ,  and “2 ’  [F qn (2 .40 ) is s t i l l  restricted to stng le-
pho ton processes , and if we are interested in m u l t i — p hoton (and mul t i—sur face )  pro-
cesses . s~e mus t  res ort to eqn (2 .3~ ) I Having thus  coup led the surfaces (I , and 11 2
by combined nonadia h at ic  and radia t ive in te r a c t i on  term s . we hia~e introduced a
resonance approx imat ion  in which either k ind  of coup ling can gen erate t ran s i t i ons
between the electronic-field configurat ions.  This point n it i st he kept in mind s~hen
in te rpre t ing  numerical results from eqn (2.40).

L _ . -  -- - - .-
~~~~~~~~ — *-*~~~~~. - ~~ -~~~~~~~~~—~~~~

-
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3. CALCULATIONS

Sample calculations have been carried out for reaction (1.1) restricted to collinear
collisions. The (field-free) electronic degrees of freedom were represented in terms
of a 2 2 diatomics-in-molecules matri x as used previous l y . 4 For this model the
interaction of the field with the molecular system was determined from the asymptotic
collision species alone , wherein the magnetic di pole term for bromine dominates.
Hence , the magnetic component of the laser field appears for F0 in the previous
section. A calculated value of 1.153 atomic units has been reported for the magnetic
di pole transit ion (2P 312 —• 2P,!2) matrix element for a halogen atom ,20a6 and this
value was used for / ~~, 2  (and /‘ 2 ,) appearing in the previous section. A field strength
of 5. 1 lO~ V cm ’ was chosen which corresponds to lO~ atomic units. Since
the Br -4 H. system disp lays a resonance behaviour between electronic and vibra-
tional degrees of freedom (in the absence of a field), it was necessary to retain
(field-free) vibrat ional  nonadiahatic coup ling terms , i.e., (T 0) ~, -4 2(P)~,’P where
p = ih~’1, - s, 2ni ,, wi th  p as the vibrational coordinate . This was done in the
quan tum ca l cu l a t i on s  using eqn (2.22) — (2.25), where vibronic curves as a function
of just  the t ranslat ional  coordinate were inserted for U ’, and 

~~~~~ 
These curves

were obtained h~’ diagon al izin g the electronic Hami lto n ian  plus the vibrational part
of the nuclear  kinet ic  energy operator within a two-(vihronic)s t ate basis as described
in ref. (26). The lower curve correlates to l3r(2P32 )  -4 H 2(i ’ = 0) while the upper cor-
relates to Br( 2P ,, 2) 1- H 2(t ’ = 0). The two curses are shown schematically as 14’,
and W2 in ti g. 1(a).

I i ,  I ( e ~ Sch crn. , iic dras ~ing of the i\\ ,’ fie ld-free j hr , ’ni ,.~ ,a,r\es 1$ , and It as a function of t ie
t r~,flsl ahIt, i13l Ci’ , ’F,i ; i I ,i t ’ .’ r It  , c ’ r reL ,tcs I’’ liii I’ . )  - l-1.(i- 0) and it a rrcl.,ics to Br( ’P, ,2 )
11 , 1 ,  I i , p S 5 ,s I i , , ‘ t n t  i i  ~s h , c t i  the f ic td is in rcst ’ n3r isc ~ it h the t c~o cur s-~~.

(hi  s~ lieiii.iti~ dr , n \ s i i i g  ‘i tie -.~~i elecironii.’ .t ield Cu i \Cs  I’ and L .  I ach is  a funci ion of II
W 2 a nd the magneti c d ipo le—tic k ) , i i le r. ,*t i ,’ n . ~shc re th is  int er a ct ion equals the sp li i t ing between

ih eiii i t  the avo ided crossifl~ ( r i .

Solving eqn (2 22 num eric a l ly , ‘.~e obtained the transit ion pro babi l ity for reaction
( 1 . 1 )  as a ft ,n ct i on  of t h e  o l d  ener c ’v measured relat ive to the reaction thre shold.
Re sult s are slioss n by the  solid cur s e in fig.  2 for the case where Fun is 1.00 1 times the
a~vnl p toI ie  sp in- orbi t  sp l i t t i n g  in bromine.  This va lue  of’ /bn matches the energy
difference bet ween the  s ib ron ic  curses when hr on i ine is 2.5 A from the centre of H 2.
‘rhe d ot te d  cur se is t , i k c n  from the  ficld- fr ec -c ot ip l ed-ehan n el calcu lations of ref. (24 ) .
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Clearly there is an enhanced probability for the process Br( P , ’ 2) - - H 2 ( t = 0)
Br(2P,,2~ + H 2(v = 0).

Semiclassical calculations were carried out using eqn (2.34) and (2.35), s;here the
two vibronic curves were used for W1 and W2 appearing in the expression given by
eqn (2.33) resulting in vibronic-field curves E, and E2, sshich are disp layed schematic-
all y in fig. 1(b). Anal ytically continuing these vibronic-fleld curves to the intersection
point in the complex translational coordinate plane , we integrated classical trajec-
tories which switched curves smoothly at this point. The resul ts  are shown by the
dashed line in fi g. 2. In computing these results we used a form for the normalizat ion

0.15

0.05 010  0 15
EJeV

F,u. 2. - Probabilities for the co llin ear reaction 13r ( P , , ,)  -
~ H i” 0) he- , — Br) 2!’, : ) 11 2

(r 1 ) )  as a function of total energ~. measured relative to the reaction ihrcsh ol d. The sa l u e  of
is I .t~ )I t imes the as~ n i p t o t i c  sp in— u i - bit  spl i t t i ng. Shown are the r esu li s f t  ~‘m the quantum

calc ulat ions us ing  the i~~o-(s ih r i i n i C ) s t d t e  model Isol id l,~e) , q u a n t u m coup led-cha nnel result s ~s i th
the field t urned oil’ (dot ted  l i ne ) and results from scfl lict aS sic al ca lculat io ns us ing the i s s o— ( s i h r on i .j —
state model (dashed line).  The pro b abi l i t i es  for the field-fr ee t rans i t io n (dotted l i n e )  ha se been

mul t ip li ed by 100 .

factor .V1, sshich is analogous to that  discussed by ~~i k i t i n ” 2 8  for a pure R exponent ia l
potential  sp l i t t i n g  of ’ t ssi i diahatic cu rves (in the field-free case). hich is s imi lar  to
our problem.

There are seseral obvious sl lo r t c om it lgs of the ahosc cal cu l . i t ions presented for
reaction ( 1 . 1 ) ,  t ss o of which are the res t r ic t ion t o c i i l l i n ea r  co l l is ions and the neg l ect
of electric di pole t r a t t s i t i o n  ni a t r i s  e let i i ent s (whic h can he impor t an t  s~ hen bromine
is cl ose to 1-12). Inclu sion of these elements would generate etl’ects s imi la r  to those
i l l u s t r ated in fi g. 2 for a field s trength cot is ider ab ly smaller  than  5.1 - . 10n v cni
Such shortcomings wil l  he dealt wi th  in fu ture  calculations.

4. D I S CU S S I O N
Without  carrying out extensive ca lculat ion s , we can gain insi ght i n to  how the

field can atlcct a collision process by looking closely at the e lectronic-field surface s
/ 4 and E2 defined by eqn (2 ,3 3 )  , . ‘\wa\ from the resonance radia t i se  coup ling reg ion
of nuclear configurations , E, approaches 11 2 and L’2 approache s I f , F u n  ( assumin g
/1i2 to be small asymptot ical l y) .  Hossever . around resonanc e sshere ,\ I f ,  - - II ,

hi., 0, there is an avoided cross ing due to r a di at i s e  coupl ing  and E, and E 2
become E,, 2 = [( l{’, U 2 - : / l , ..E0 ] 1 2 Therefore , by sh in ing  a radia t i on
field in resonance ssi th U ’2 -

~~ U at some nuclear confi gura t ion  i”) the s\ s t em . s~e ~.in
induce electronic transitions , whether the sYs tem is e lec t ron ica l l y ad iaba t ic  or non- 

~ _ _ ~~ ~~~~~~~~~~~ . ‘~ 
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adiabatic in the absence of the field. Furthermore , the upper electronic-field surface
may base a well which can support metastab le states (long-lived complexes) at certain
collision energ ies which are absent in the field-free case. At the same time , there
may be a potential barrier arising from the radiative coupling, and this can give rise
to special effects such as orbiting resonances. In the case where P12 is still very
large in the asymptotic regions, even more special phenomena may occur which are
absent in the field-free case. From a spectroscopic point of view, it is clear that the
radiation coup ling effect can result in new absorption or emission spectra which are
not expected for the individual (noninteracting) collision species.

Extensive calculations can give us accurate information concerning the above
efi’ects as well as collision cross sections and radiative transition probabilit ies. How-
ever , an important ingredient in these calculations is the electronic transition moments
as a function of nuclear coordinates (the electric di pole contribut ion is usually the
onl y one required , hut  sometimes the magnetic di pole and/ or electric quadrupole
contributions will be important)  in addition to field-free potent ial energy surfaces
and nonadiabatic coupling. These moments can be found by ab initlo and/or semi-
empirical techni ques. 29’-32

We have assumed the field to be linearly polarized , and in calculations one can
find the averaged value of the radiative coup ling p,2-E0 over all orientat i~ons. Polar-
ization effects can also be studied by considering the directional dependence of the
radiative coupling, and this will be carried out in future investi gations.
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